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 ,QWURGXFWLRQ
7UDGLWLRQDO '&'& ERRVW FRQYHUWHUV ZLGHO\ XWLOL]HG IRU
KLJK YROWDJH GLUHFW FXUUHQW +9'& SRZHU WUDQVPLVVLRQ
V\VWHPVWUDQVSRUWDWLRQHOHFWULFYHKLFOHV(9VDQGK\EULG
HOHFWULFYHKLFOHV+(9VDSSOLFDWLRQV>@%XWWKHLVVXHV
DUHSHUVLVWLQJE\WKHH[SHULPHQWDOVWXG\>@7KH(9VWKDW
DUH VXSSOLHG E\ 9 EDWWHULHV RU VWRUDJH GHYLFHV UHTXLUH
DURXQG 9 GXULQJ VWDUWXS +HQFH WKH WUDQVLHQW LV
LQFUHDVHGIRUWKH'&'&FRQYHUWHU1XPHURXVWRSRORJLHV
DUHSURSRVHGWRPHHWWKH+9UHTXLUHPHQWV EXW DOPRVWDOO
RI WKHP VXIIHU GHILFLHQFLHV >@ >@$ WUDQVIRUPHUOHVV
'&'& ERRVW UHVRQDQW FRQYHUWHU WRSRORJ\ ZLWK IRXU
VZLWFKHV LQ IXOOZDYH VWUXFWXUH ZDV LQYHVWLJDWHG >@
+RZHYHUWKHVZLWFKLQJIUHTXHQF\LVOLPLWHGXSWRN+]
LQRUGHUWRGHFUHDVHWKHVZLWFKLQJORVVHVEXW HIILFLHQF\LV
OLPLWHG >@ )XUWKHU WKH FRQYHUWHU WRSRORJ\ WKDW RSHUDWHV
LQ FDVFDGHG VWUXFWXUH RI VL[026)(7V ZDV SURSRVHG WR
RYHU +9 UHTXLUHPHQWV %XW ZKLFK UHTXLUH D FRPSOH[
FRQWURO DOJRULWKP WR \LHOG KLJK YROWDJH RXWSXW >@
$OWHUQDWLYHO\ WKH WUDQVIRUPHU EDVHG WRSRORJLHV WR REWDLQ
+9 JDLQ ZLWK LQFUHDVHG QXPEHU RI VZLWFKHV DOVR ZDV
GHYHORSHG >@ ,Q WKLV FDVH WKH WUDQVIRUPHU FDXVHV
EXON\ VWUXFWXUH DQG LQFUHDVHG KLJKFRVW RI WKH RYHUDOO
WRSRORJ\ )XUWKHUPRUH WKH OLWHUDWXUH VXUYH\ RQ+9'&
'& FRQYHUWHUV FRQFOXGHV WKDW DERYH WRSRORJLHV DUH
GUDVWLFDOO\ VXIIHUHGE\ WKH UHGXFWLRQ LQJDLQ DQG UHGXFHG
RXWSXW YROWDJH $SSURDFK E\ LQFUHDVHG VZLWFK QXPEHUV
PDNHWKHFRQWUROVWUDWHJ\PXFKPRUHFRPSOH[WKDWIXUWKHU
FDXVHVOHVVHUHIILFLHQF\DQGLQFUHDVHGFRVWV>@
7RRYHUFRPH WKHVH VWDWHGGHILFLHQFLHV'&'&FRQYHUWHU
ZLWK LQWHJUDWHG YROWDJHOLIW WHFKQLTXHV LV UHFRPPHQGHG
7KH YROWDJHOLIW WHFKQLTXH SURYLGHV D VWDLUFDVH LQFUHPHQW
RQ RXWSXW YROWDJH E\ JHRPHWULFDO SURJUHVVLRQV >@
([WUD+9(+9'&'&ERRVWSRZHUFRQYHUWHUZKLFKLV
REWDLQHGIURPWKH PRGLILHGYHUVLRQRIWKHFODVVLFDOEXFN
3RZHUFLUFXLW LVFRQVWLWXWHGZLWKYROWDJHOLIWWHFKQLTXHE\
LQFOXGLQJ VRPH DGGLWLRQDO SDVVLYH LQGXFWRUFDSDFLWRU
FRPSRQHQWV 2ZLQJ WR LWV VLPSOH FRQWURO DOJRULWKP DQG
KLJKHUJDLQRQRXWSXWYROWDJH>@7KHSHUIRUPDQFHRI
WKH SURSRVHG (+9 SRZHU FRQYHUWHU DGGV WKH DGYDQWDJHV
DV EHORZ >@>@
 ,QFUHDVHGRXWSXWYROWDJHJDLQNUDWLR
 6LPSOHU LQ FRQWURO DOJRULWKP ZLWK ZLGH UDQJH RI
RSHUDWLRQ
 5HGXFHG ULSSOH OHYHO DW WKH RXWSXW YROWDJH DQG
FXUUHQW
 ,QFUHDVHGSRZHU GHQVLW\ZLWKHIILFLHQF\
 &ORVHGORRS FRQWUROOHU UHTXLUHV RQO\ RQH VHQVRU
YROWDJH IHHGEDFN IRU LQYHVWLJDWHG FRQWUROOLQJ
DVSHFWV3,DQGIX]]\ORJLF
7KHKDUGZDUHSURWRW\SHRI(+9'&'&ERRVWFRQYHUWHU
LV LPSOHPHQWHG ZLWK D GLJLWDO VLJQDO SURFHVVRU '63
706) SODWIRUP 7KH PDLQ FRQWULEXWLRQ RI WKLV
VWXG\ IRFXVHG RQ VLPSOH GHYHORSPHQW RI WKH FRQWURO
VWUDWHJ\ EDVHG RQ 3, DQG IX]]\ ORJLF FRQWUROOHUV IRU LWV
FRPSDUDWLYH SHUIRUPDQFHV XQGHU GLIIHUHQW OLQHORDG
UHJXODWLRQ FRQGLWLRQV 7KH 706) SURFHVVRU
SHUIRUPV WKH FORVHGORRS FRQWURO DOJRULWKP RI 3, DQG
IX]]\ ORJLF DQG 3:0 JHQHUDWLRQ IRU NFKDQQHO
026)(7 7KH H[SHULPHQWDO UHVXOWV SUHVHQWHG FORVHO\
PDWFKZLWKWKHDQDO\WLFDOSUHGLFWLRQV
7KLV UHVHDUFK PDQXVFULSW LV DUWLFXODWHG KHUH LQ EHORZ
6HFWLRQ GHVFULEHVWKHFLUFXLWFRQILJXUDWLRQRI(+9ERRVW
SRZHU FRQYHUWHU $QDO\WLFDO GHYHORSPHQWV GXULQJ
RSHUDWLRQDO PRGH DUH HODERUDWHG LQ VHFWLRQ  7KH
FKDUDFWHULVWLF RI WKH FRQYHUWHU FRQILJXUDWLRQ DORQJ ZLWK
SRZHU ORVV FDOFXODWLRQ DUH JLYHQ E\ VHFWLRQ  )XUWKHU
WKHRUHWLFDO EDFNJURXQG DQG SUDFWLFDO LPSOHPHQWDWLRQ DUH
GLVFXVVHG LQ VDPH VHFWLRQ  3URSRVHG FRQWURO VFKHPH
EDVHGRQ3, DQG)X]]\/RJLFDOJRULWKPDUHLOOXVWUDWHGLQ
GHWDLO E\ VHFWLRQ  +DUGZDUH SURWRW\SH LPSOHPHQWDWLRQ
XVLQJ '63 SURFHVVRU DQG FRPSOHWH VHW RI H[SHULPHQWDO
UHVXOWVDUHSUHVHQWHGLQWKHVHFWLRQ5HDOWLPHUHVXOWVDUH
SUHVHQWHG ZLWK GLIIHUHQW SHUWXUEDWLRQ FRQGLWLRQV DORQJ
ZLWK WKHRUHWLFDO EDFNJURXQG LQ WKH VDPH VHFWLRQ )LQDOO\
WKHFRQFOXVLRQVRIWKLVDUWLFOHDUHJLYHQE\VHFWLRQ
 (+9%RRVW3RZHU&LUFXLW&RQILJXUDWLRQ
)LJ D VKRZV WKH H[WUD KLJK YROWDJH (+9 '&'&
ERRVW FRQYHUWHU FLUFXLW 7KH ORDG YROWDJH VO ORDG
FXUUHQWiOWKHVXSSO\YROWDJHV1VXSSO\FXUUHQWRIWKH
SRZHU FLUFXLW i1 DUH GHSLFWHG LQ WKH VDPH )LJ D ,W
FRQVLVWVRIDQNFKDQQHO026)(7DVVWDWLFVZLWFKSDQG
GLRGHVD, D1,…, D137KHYROWDJHOLIWFLUFXLWLVREWDLQHG
E\ LQFOXVLRQ RI DGGLWLRQDO FDSDFLWRUV C, C0, C1, …, C4
DQG LQGXFWRUV L, L0,…, L3 WR WKH H[LVWLQJ FLUFXLW 7KH
YROWDJHOLIWJDLQLVDFWXDOO\REWDLQHGE\WKHFDSDFLWRUV&
&&ZKHUHWKHFDSDFLWRUYROWDJHVC LVEXLOWXSE\IRXU
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WLPHV WUDQVIHU JDLQ UDWLR RI WKHEDWWHU\ LQSXW YROWDJHV1
VCO=VC1,QFRQWLQXRXVFRQGXFWLRQPRGHLWLVDVVXPHG
WKDWDOOFRPSRQHQWVDUHLGHDOFDSDFLWRUVDUHODUJHHQRXJK
 $QDO\WLFDO3UHGLFWLRQRI2SHUDWLQJ0RGHV
7KH ILUVW LQWHUYDO ZKHQ WKH VZLWFK S LV WXUQHG 21
FRUUHVSRQGLQJ HTXLYDOHQW FLUFXLW LV VKRZQ LQ )LJ E
ZLWK YROWDJHV DQG FXUUHQWV GLUHFWLRQ 7KH LQVWDQWDQHRXV
LQSXW FXUUHQW i1VRXUFH FXUUHQW JHWV HTXDO WR VXP RI DOO
FDSDFLWRU DQG LQGXFWRU FXUUHQWV H[FHSW iC2 DQG iC1 7KH
ORDG FXUUHQW iOORDG IORZVGHSHQGLQJ WR WKH VXPRI WKH
EDWWHU\VXSSO\YROWDJHV1 DQGWKHFDSDFLWRUYROWDJHVC
1RZ WKH FDSDFLWRUV C2 C3 DQG C4 DUH FKDUJHG E\ WKH
LQSXWYROWDJHDQGDOO LQGXFWRUFXUUHQWVZKLFKOHDGWRILUVW
SUHGLFWLRQRILQYHVWLJDWLRQDUHLQFUHDVHGDWWKLVLQWHUYDO
7KH FRUUHVSRQGLQJ HTXLYDOHQW FLUFXLW ZKHQ VZLWFK S LV
WXUQHG2))LVVKRZQLQ)LJFDORQJZLWKYROWDJHVDQG
FXUUHQWV GLUHFWLRQ 7KH LQVWDQWDQHRXV LQSXW FXUUHQW i1
VRXUFHFXUUHQWHTXDOVWR]HURDWWKLVLQWHUYDO7KHYROWDJH
OLIWSDUWWKDWLVORFDWHGRQWKHOHIWKDQGVLGHRIFDSDFLWRUC
L1, L2, L3 DQGLDQGLQGXFWRUVWRUHWKHHQHUJ\ZKLOHC2,
C3 DQG C4 FDSDFLWRU GLVFKDUJH WKH VWRUHG HQHUJ\
&RUUHVSRQGLQJ GLUHFWLRQV WKDW DUH OHDGLQJ WR FKDUJH WKH
FDSDFLWRU C DUH VKRZQ LQ WKH )LJ F 7KH FXUUHQW iL0
IORZVWKURXJKWKHORDGRYHUWKHLQGXFWRUDQGGHFUHDVHVWKH
FXUUHQW ZLWK DOO WKH LQGXFWRUV ZKLFK OHDGV WR VHFRQG
SUHGLFWLRQ RI LQYHVWLJDWLRQ ,Q VWHDG\±VWDWH WKH DYHUDJH
LQGXFWRUYROWDJHLV]HUROHDGLQJWR
7KH FLUFXLW YROWDJHV ZLOO EH WKH VDPH ZKHQ VZLWFK 6 LV
WXUQHG21
WKDWDOVR\LHOGV
D
E F
)LJ  D  7RSRORJ\ RI H[WUD KLJK YROWDJH (+9 GFGF ERRVW SRZHU FRQYHUWHU FLUFXLW E(TXLYDOHQW SRZHU FRQYHUWHU FLUFXLWZKHQ
VZLWFKWXUQHG21F(TXLYDOHQWSRZHUFRQYHUWHUFLUFXLWZKHQVZLWFKWXUQHG2))
VCO = VO 
VC2 = VC3 = V C4= V1 
VO = VC1 = VC+ V1 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,WVKRXOGEHQRWHGWKDWWKHLQGXFWRUFXUUHQWIL LVLQFUHDVHG
ZKHQ WKH VZLWFK6 LV WXUQHG21DQG LVGHFUHDVHGGXULQJ
VZLWFK S is WXUQHG 2)) 7KH YROWDJH FRPSRQHQWV V1 DV
ZHOO –VL-OFF ZKLFK SUHGLFWV WKDW WKH YROWDJHV DFURVV WKH
LQGXFWRUL DUHH[SUHVVHGDVIROORZV
7KHYROWDJHVDFURVV LQGXFWRUV L1, L2, L3 DUHGHWHUPLQHG
DVWKHIROORZLQJ
)LJFSURYLGHVWKHDQDO\WLFDOSUHGLFWLRQRIWKH
FDSDFLWRUYROWDJHVC DQGRXWSXWYROWDJHVO DV
WKHQJDLQWUDQVIHUUDWLRRIRXWSXWFXUUHQWDQGYROWDJHDUH
JLYHQE\
)LQDOO\WKHDYHUDJHYROWDJHVDQGFXUUHQWVDUHSUHGLFWHG
DQGVXPPDUL]HGDV
kTV1 = (1-k) TVL-OFF 
VL-OFF  = [k/(1-k)] V1 
VL1-OFF  = [k/(1-k)] V1 
VL2-OFF  = [k/(1-k)] V1 
VL3-OFF  = [k/(1-k)] V1 
VC = VC-OFF = VL-OFF+VL1-OFF+ VL2-OFF + VL3-OFF
+ VC2+ VC3+VC4

VC = 4k/(1-k) V1 + 3V1 
$JDLQIURP(T
VO = VC+V1 
VO = [4/(1-k)] V1 
7DEOH ,QYHVWLJDWHGRXWSXWSHUIRUPDQFHLQGLFHVRIKDUGZDUHSURWRW\SHWHVWLQJ
'XW\
5DWLR
k
2XWSXW
9ROWDJH
VOYROW
2XWSXW
&XUUHQW
i0DPS
2XWSXW
3RZHU
POZDWW
,QSXW
9ROWDJH
V1YROW
,QSXW
&XUUHQW
i1DPS
,QSXW
3RZHU
P1ZDWW

(IILFLHQF\
ߟ

5LSSOH
        
        
        
        
        
        
        
        
        
        
7DEOH &RPSDUDWLYHSHUIRUPDQFHVHPSKDVLVWKHSURSRVHG
ZLWKFODVVLFDOGFGFERRVWSRZHUFRQYHUWHU
&RQYHUWHU
7\SH
2XWSXW9ROWDJH
V09ROWV
2XWSXW
&XUUHQWi0
$PSV
&ODVVLFDO
&RQYHUWHU
V0 = [k/(1-k)] V1 i0 = [(1-k)/k] i1
3URSRVHG
&RQYHUWHU
V0 = [4/(1-k)] V1 i0 = [(1-k)/4] i1
7DEOH 6LPXODWLRQSDUDPHWHUVWDNHQIRULQYHVWLJDWLRQ
3DUDPHWHU 9DOXH
,QSXW9ROWDJH V1 9
,QGXFWDQFH L +
&DSDFLWDQFH C )
/RDG5HVLVWDQFH R RKPV
'XW\5DWLR k 
6ZLWFKLQJ FSW .+]
'LJLWDO3URFHVVRU '63 706)
NFKDQQHO
026)(7
,5)3&

VDSS 600V,
RDS(ON)= ȍ
ID $
iO = [(1-k)/4] i1, 
MO = 4/(1-k). 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 &KDUDFWHULVWLFVDQG3RZHU/RVV$QDO\VLV
7DEOH  VXPPDUL]HV WKH FRPSDULVRQ EHWZHHQ WKH (+9
'&'& ERRVW FRQYHUWHU DQG FODVVLFDO FRQYHUWHU ZLWK
UHVSHFWWRYROWDJHOLIWWUDQVIHU
)LJ&RPSDUDWLYHSHUIRUPDQFHVHPSKDVLVWKHYDULDWLRQRIGXW\
UDWLR N YHUVXV RXWSXW YROWDJH VO IRU WKH SURSRVHG SRZHU
FRQYHUVLRQ UHG EDUZLWK FODVVLFDO SRZHU FRQYHUVLRQ EOXH EDU
XQLWVWHDG\VWDWHUDWHGFRQGLWLRQ
)LJ  3ORW VKRZLQJ FRQGXFWLRQ ORVV YHUVXV LQGXFWDQFH
YDULDWLRQ
)LJ3ORWVKRZLQJVZLWFKLQJORVVYHUVXVLQGXFWDQFH YDULDWLRQ
$FFRUGLQJO\)LJ SURYHV WKH HIIHFWLYHQHVVRI SURSRVHG
SRZHU FRQYHUVLRQ $V VHHQ WKH SURSRVHG '&'&
FRQYHUWHU UHGEDURXWSXW YROWDJHYDULHV IURP9 WR
9ZKLOHIRUFODVVLFDORQHEOXHEDUYDULHVIURP9
WR9ZKHQVXEMHFWHGWRRXWSXWWUDQVIHUJDLQGXW\UDWLR
N WR YDULDWLRQ
$ FRPSOHWH VHW RI SHUIRUPDQFH RXWSXWV REWDLQHG IURP
RSHQORRS H[SHULPHQWDO WHVWV E\ FRQVLGHULQJ WKH
SDUDPHWHUVWDNHQIURP7DEOH DUHVXPPDUL]HGLQ7DEOH
$OORSHUDWLQJFRQGLWLRQVGXW\F\FOHYDULDWLRQN a
WKH FRQYHUWHU SHUIRUPHG ZLWK HIILFLHQF\ RI  LQ
H[SHULPHQWDOWHVWZLWKUHGXFHGULSSOHFRQWHQWRIDW
WKHRXWSXWV LV REVHUYHG7KXV WKH WHVW SDUDPHWHUV RXWSXW
YROWDJH VO RXWSXW FXUUHQW iO DQG HIILFLHQF\ ߟ IURP
WKH7DEOH FRQILUPVWKDWREWDLQHGUHVXOWVDUHYHU\FORVHO\
PDWFKHG ZLWK WKH WKHRUHWLFDO EDFNJURXQG 7R EH QRWHG
WKDW WKH FRQYHUWHU SURGXFHG KLJK HIILFLHQF\ GXH WR WKH
LQFOXVLRQRIDGGLWLRQDOSDVVLYHL CFRPSRQHQWVDFWXDOO\
UHGXFHG VHYHUDO SDUDVLWLF HIIHFWV L R C DQG 026)(7
VZLWFKLQJ FRQGXFWLRQ HWF >@ZKLFK LV SURYHGE\(T
)XUWKHUOLWHUDWXUHVWKHLQGXFWDQFHSDUDVLWLFHIIHFWVDUH
QHJOHFWHG LQ '&'& FRQYHUWHUV LQYHVWLJDWLRQV 7R DWWDLQ
KLJK HIILFLHQF\ WKH 5& WLPH FRQVWDQW RI FRQYHUWHU LV
DOZD\V FRPSDUHG WR WKH VZLWFKLQJ IUHTXHQF\ +HQFH E\
FRQVLGHULQJ WKH VPDOO SDUDVLWLF LQGXFWDQFH WKH UHVXOWV
FRXOGGLIIHUDQGWKHFXUUHQWLVH[SUHVVHGDV>@
VC = [(3+k)/(1-k)] V1 
VC1 = VO, 
VC2 = VC3 = VC4 = V1 
iLO = iO 
iL = [k/(1-k)] iO 
iL1 = iL2 = iL3 = iL+iLO = [1/(1-k)]iO 
݅ሺݐሻ ൌ ைܸ
ܴ
݁ି
௧
ோ஼ ൅ ݅ை 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ZKHUH ைܸ LV WKH LQLWLDO YROWDJH GLIIHUHQFH EHWZHHQ WKH
VRXUFH YROWDJH DQG WKH YROWDJH DFURVV WKH FDSDFLWRU 7KH
LQSXWFXUUHQWLVJLYHQE\
RU H[SUHVVHGDV
:KHUHiO iintDQG ைܸDUHWKHORDGFXUUHQWLQLWLDOFXUUHQW
DQG LQLWLDO YROWDJHGLIIHUHQFH EHWZHHQ WKH VRXUFH YROWDJH
DQG FDSDFLWRU UHVSHFWLYHO\ 7KH FRQGXFWLRQ ORVV RI WKH
FLUFXLW LV GLUHFWO\ SURSRUWLRQDO WR WKH VTXDUH RI WKH UPV
YDOXH +HQFH WKH FRQGXFWLRQ ORVV RI WKH 026)(7 LV
FDOFXODWHGDV
:KHUHܫைே LVWKHGUDLQFXUUHQWܴ஽ௌǡைே LVWKHGUDLQVRXUFH
UHVLVWDQFH RI WKH 026)(7 LQ 21 VWDWH 7KHUHIRUH E\
PXOWLSO\LQJ(TE\ WKHGXW\ UDWLR k OHDGV WRDYHUDJH
YDOXHRI WKHFRQGXFWLRQ ORVV7KHVZLWFKLQJ ORVVHVRI WKH
026)(7DUHFDOFXODWHGE\WKHQRQ]HURSURGXFWRIGUDLQ
FXUUHQW ID DQG GUDLQ WR VRXUFH YROWDJH VDSS ,I WKH
026)(7LVDVVXPHGDVLGHDOVZLWFKWKHULVHDQGIDOOWLPH
RI WKH FXUUHQW DQG YROWDJH VZLWFKLQJ ORVV LV ]HUR 7KHQ
WKHVZLWFKLQJORVVHVDUHGHWHUPLQHGE\
:KHUH ைܸிி LV WKH GUDLQ VRXUFH YROWDJH ௌܶௐǡைே 
ௌܶௐǡைிி LV WKH WLPH WR WXUQ 21 DQG WXUQ 2)) VWDWH DQG
ܨௌௐ LV WKH VZLWFKLQJ IUHTXHQF\ RI WKH 026)(7 )URP
7DEOH DQGFRQVLGHULQJ(TDQG(TZLWKGXW\UDWLR
k=2/3 LH ௌܶௐǡைே ൌ ʹȀ͵ כ ͳȀͷͲܭܪݖ ௌܶௐǡைிி ൌ ͳȀ͵ כ
ͳȀͷͲܭܪݖ XVHGIRUFDOFXODWLQJ WKHORVVHV
)LJDQG)LJLOOXVWUDWHWKHYDULDWLRQRIFRQGXFWLRQORVV
DQG VZLWFKLQJ ORVV UHVSHFWLYHO\ ZKHQ SDUDVLWLF L
FKDQJHV ,W FRXOG EH REVHUYHG WKDW WKH FRQGXFWLRQ ORVVHV
DUH UHGXFHG GUDPDWLFDOO\ DW ȝ+ DQG FRUUHVSRQGLQJO\
WKH VZLWFKLQJ ORVV LV PLQLPDO DW UHVRQDQW SRLQW ȝ+
ZLWKLQGXFWDQFHSURILOHYDULDWLRQ7KHUHIRUHWKLVFRQFOXGHV
WKDW WKH LQFUHDVLQJ SDUDVLWLF HIIHFWV RI SRZHU FRQYHUWHUV
FDQ EH RYHUFRPH E\ LQFOXVLRQ RI DGGLWLRQDO SDVVLYH
FRPSRQHQWVL DQGC LHYROWDJHOLIWWHFKQLTXHZLWKLQWKH
SRZHU FLUFXLW ZLWKRXW DQ\ DGGLWLRQDO H[WHUQDO
FRPSHQVDWLRQQHWZRUNFLUFXLWU\>@>@
)LQDOO\ WKH SHUIRUPDQFHV REWDLQHG VXFK DV WKH KLJKHU
RXWSXW YROWDJH DQG KLJKHU HIILFLHQF\ UHGXFHG  ULSSOH
ZKLFK YHULILHV WKDW WKH SURSRVHG '&'& FRQYHUWHU
KDUGZDUHSURWRW\SHKDVDEHWWHUSRZHUGHQVLW\IDFWRUDV
SHU WKH VWDQGDUG >@ 7KLV ZKLFK LQ WXUQ SURYHV WKH
H[DFW YLDELOLW\ IRU SDUDVLWLF FRPSHQVDWLRQ DQG VXLWV WKH
KLJKYROWDJHLQGXVWULDOQHHGV
 &RQWURO 6WUDWHJLHV EDVHG RQ 3, DQG )X]]\
/RJLF
$ VWDQGDUG FORVHGORRS 3, FRQWUROOHU VFKHPH IRU WKH
SURSRVHG(+9'&'&ERRVWFRQYHUWHULVVKRZQLQ)LJ
,W QRWDEO\ FRQVLVWV RI RQH VWDJH YROWDJH VHQVRU IHHGEDFN
݅ሺݐሻ ൌ ܱ݅݁ି
ೃ
మಽ௧ ܿ݋ݏ ቆට ଵ
௅஼
൅ ቀ ோ
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మ ݁
ି ೃమಽ௧ ݏ݅݊ ቆට ଵ
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ቁ
ଶ
ݐቇ
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஼ܲைே஽Ǥ ൌ ܫைேଶ ܴ஽ௌǡைே 
ௌܲௐ ൌ
்ೄೈǡೀಿ ௏ೀಷಷ ூೀಿ ிೄೈ
ଶ
 ்ೄೈǡೀಷಷ ௏ೀಷಷ ூೀಿ ிೄೈ
ଶ

)LJ6LPSOLILHGFORVHGORRSFRQWUROVWUDWHJ\XQGHUOLQHORDGUHJXODWLRQXVLQJSURSRUWLRQDOLQWHJUDO3,FRQWUROVFKHPH
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REWDLQHG IURP WKH GF ORDG YROWDJH ,W LV WKHQ FRPSDUHG
ZLWK WKH VHW UHIHUHQFH YROWDJH VO,ref WR REWDLQ WKH HUURU
EHWZHHQ UHIHUHQFH '& EXV YROWDJH DQG IHHGEDFN VLJQDO
)XUWKHUWKHHUURUVLJQDOLVDSSOLHGWRWKH3,FRQWUROOHUWR
FRPSHQVDWH WKH DYDLODEOH HUURU 7KH PDQLSXODWHG VLJQDO
WKXVREWDLQHG IURPWKH3,FRQWUROOHUGHILQHV WKHVHWGXW\
UDWLRNDQG LVFRPSDUHGZLWKKLJK IUHTXHQF\UDPSVLJQDO
WRJHQHUDWH WKHFRQWUROOHGSXOVHZLGWKPRGXODWHG3:0
VLJQDO WR WKH VWDWLF VZLWFK S 7KH SDUDPHWHUV 3
SURSRUWLRQDOJDLQ,LQWHJUDOJDLQDUHILQHWXQHGWRJHWWKH
VHW UHIHUHQFH GF YROWDJH XQGHU GLIIHUHQW SHUWXUEDWLRQ
FRQGLWLRQV>@>@
7KHEORFNGLDJUDPRIJHQHUDOL]HG UXOHEDVHG IX]]\ ORJLF
FRQWUROOHU )/& LV VKRZQ LQ )LJ D ZKHUH e(k) DQG
de(k) GHQRWHWKHLQSXWHUURUDQGWKHUDWHRIFKDQJHLQ WKH
LQSXWYDULDEOHVUHVSHFWLYHO\7KH)/&EORFNLVFRPSRVHG
RI IX]]LILFDWLRQ LQWHUIDFH IX]]\ UXOHV DQG LQIHUHQFH DQG
GHIX]]LILFDWLRQ PHFKDQLVP 7KH )/& KDV WZR LQSXWV
ZKLFK DUH HUURU VLJQDO e(k) DQG FKDQJH LQ HUURU VLJQDO
de(k) 7KH RXWSXW c(k) RQ WKH RWKHU KDQG UHSUHVHQWV WKH
FRQWUROFRPSRQHQWWRJHQHUDWHWKHVZLWFKLQJVLJQDOIRUQ
FKDQQHO026)(7VZLWFK
,Q WKH ILUVW VWDJH WKH FULVS YDULDEOHV e(k) DQGde(k) DUH
FRQYHUWHG LQWR IX]]\ YDULDEOHV VXFK DV E(k) DQG dE(k)
XVLQJ WKH WULDQJXODUPHPEHUVKLS IXQFWLRQV JLYHQ E\ )LJ
D
E F
)LJ  D )X]]\ ORJLF UXOH EDVHG V\VWHP JHQHUDOL]HG VWUXFWXUH 0HPEHUVKLS IXQFWLRQ RI WKH IX]]\ ORJLF FRQWUROOHU E PHPEHUVKLS
IXQFWLRQRIHUURUHFPHPEHUVKLSIXQFWLRQRIFKDQJHLQHUURUGH
7DEOH0DWUL[IRUPXODWLRQ[IRUIX]]\ORJLFUXOHV
e(k) 1/ 16 =( 36 3/de(k)
1/ 1/ 1/ 1/ 16 =(
16 1/ 1/ 16 =( 36
=( 1/ 16 =( 36 3/
36 16 =( 36 3/ 3/
3/ =( 36 3/ 3/ 3/
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E DQG )LJ F 7KHQ HDFK XQLYHUVH RI GLVFRXUVH LV
GLYLGHGLQWRILYHIX]]\VHWV1DPHO\1/QHJDWLYHODUJH
16 QHJDWLYH VPDOO =( ]HUR 36 SRVLWLYH VPDOO DQG
3/ SRVLWLYH ODUJH (DFK IX]]\ YDULDEOH LV DPHPEHU RI
WKHVXEVHWVZLWKDGHJUHHRIPHPEHUVKLSYDU\LQJEHWZHHQ
 QRQPHPEHU DQG  IXOOPHPEHU >@ ,Q WKH
VHFRQG VWDJH RI WKH )/& WKH IX]]\ YDULDEOHV E(k) DQG
dE(k) DUHSURFHVVHGE\DQLQIHUHQFHHQJLQHWKDWH[HFXWHV
D VHW RI FRQWURO UXOHV FRQWDLQHG LQ D î UXOH EDVHV DV
JLYHQE\7DEOH7KHVH UXOHVDUH GHVLJQHGEDVHGRQ WKH
G\QDPLF EHKDYLRU RI WKH HUURU VLJQDO UHVXOWLQJ LQ WKH
V\PPHWULFDO PDWUL[ 7KLV LV D JHQHUDO UXOHEDVHG GHVLJQ
ZLWK D ' SKDVH SODQH (DFK UXOH LV H[SUHVVHG YLD WKH
IROORZLQJIRUP
5XOH ,I[LV$DQG\LV%WKHQ]LV&
'LIIHUHQW LQIHUHQFH DOJRULWKPV FDQ EH XVHG WR VSDFH WKH
IX]]\VHWYDOXHVIRUWKHRXWSXWIX]]\YDULDEOH c(k),QWKLV
ZRUN WKHPD[PLQ LQIHUHQFHDOJRULWKPLVXVHG LQZKLFK
WKH PHPEHUVKLS GHJUHH LV HTXDO WR WKH PD[LPXP RI WKH
SURGXFW RI E DQG dE PHPEHUVKLS GHJUHH 7KH RXWSXW
YDULDEOH IURP WKH LQIHUHQFH HQJLQH LV FRQYHUWHG LQWR D
FULVS YDOXH LQ WKH GHIX]]LILFDWLRQ VWDJH 9DULRXV GH
IX]]LILFDWLRQ DOJRULWKPV KDYH EHHQ SURSRVHG LQ WKH
OLWHUDWXUH ,Q WKLV ZRUN WKH FHQWURLG GHIX]]LILFDWLRQ
DOJRULWKPLVXVHGLQZKLFKWKHFULVSYDOXHLVFDOFXODWHGDV
WKH FHQWUH RI JUDYLW\ RI WKH PHPEHUVKLS IXQFWLRQ 7KH
GHILQLWLRQRIWKHVSUHDGRIHDFKSDUWLWLRQRUFRQYHUVHO\WKH
ZLGWK DQG V\PPHWU\ RI WKH PHPEHUVKLS IXQFWLRQV LV
JHQHUDOO\DFRPSURPLVHEHWZHHQG\QDPLFDQGVWHDG\VWDWH
DFFXUDF\ (TXDOO\ VSDFHG SDUWLWLRQV DQG FRQVHTXHQWO\
V\PPHWULFDO WULDQJOHV DUH UHDVRQDEOH FKRLFHV >@
&RPSOHWHFRQWUROVFKHPHEDVHGRQIX]]\ ORJLFFRQWUROOHU
DOJRULWKP IRU WKH (+9 '&'& ERRVW FRQYHUWHU LV
LOOXVWUDWHGE\)LJ
 +DUGZDUH ,PSOHPHQWDWLRQ DQG ([SHULPHQWDO
5HVXOWV
+DUGZDUHSURWRW\SHPRGHO RI(+9'&'&ERRVW SRZHU
FRQYHUWHULVLPSOHPHQWHGDVVKRZQE\)LJDQGEDVHGRQ
SDUDPHWHUJLYHQE\7DEOH ZLWKDGLJLWDOVLJQDOSURFHVVRU
'63 706) >@ 7KH FRQWURO VWUDWHJLHV
EDVHG RQ 3, DQG IX]]\ ORJLF FRQWUROOHU DOJRULWKP DUH
IUDPHG LQ '63 WKDW DOVR JHQHUDWHV WKH FRQWUROOHG 3:0
VLJQDO IRU NFKDQQHO 026)(7 7KH LQGXFWDQFH DQG
)LJ  +DUGZDUH SURWRW\SHPRGXOH RI (+9 GFGF ERRVW SRZHU
FRQYHUWHUZLWK'63706)SURFHVVRU
)LJ6LPSOLILHGFORVHGORRSFRQWUROVWUDWHJ\XQGHUOLQHORDGUHJXODWLRQXVLQJIX]]\ORJLFFRQWUROVFKHPH
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FDSDFLWDQFH YDOXHV RI WKH SRZHU FLUFXLW DUH GHWHUPLQHG
DFFRUGLQJ WR WKHFULWHULDRIRXWSXW ULSSOH UHTXLUHPHQW
DVSHU,(((VWDQGDUGV>@>@
)LJ D DQG )LJ E VKRZV WKH 3, FRQWUROOHU EDVHG
H[SHULPHQWDO UHVXOWV RI RXWSXW YROWDJH DQG FXUUHQW DW WKH
UDWHGFRQGLWLRQV VHW UHIHUHQFHRXWSXWYROWDJH9 ORDG
UHVLVWDQFHȍDQGGXW\UDWLRN ,WLVREVHUYHGWKDW
WKHRXWSXWYROWDJH LVVOLJKWO\ ORZHUWKDQWKHVHWUHIHUHQFH
DQGVHWWOHVDW9ZLWKSHDNRYHUVKRRWZLWK
PY VWHDG\ VWDWH DQG  VHF VHWWOLQJ WLPH FORVHO\
PDWFKHV WKH SUHGLFWLRQ JLYHQ E\ (T  DW N   
&RUUHVSRQGLQJO\WKHRXWSXWFXUUHQWLVREVHUYHGDV$
ZLWKSHDNRYHUVKRRWDQGVHFVHWWOLQJWLPHWKDW
FORVHO\PDWFKHVWKHSUHGLFWLRQJLYHQE\(T
)LJ F DQG )LJ G VKRZ WKH IX]]\ ORJLF FRQWUROOHU
EDVHGH[SHULPHQWDOUHVXOWVRIRXWSXWYROWDJHDQGFXUUHQWDW
WKHUDWHGFRQGLWLRQV,WLVREVHUYHGWKDWWKHRXWSXWYROWDJH
LV VOLJKWO\ ORZHU WKDQ WKH VHW UHIHUHQFH WKDW VHWWOHV DW
D F
E G
)LJ3,DQGIX]]\FRQWUROOHGRXWSXWSHUIRUPDQFHVRI(+9SRZHUFRQYHUWHULQWUDQVLHQWDQGVWHDG\VWDWHFRQGLWLRQV3,DRXWSXW
YROWDJHERXWSXWFXUUHQW)X]]\FRXWSXWYROWDJHGRXWSXWFXUUHQW>YGLY$GLY@
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9 ZLWK  SHDN RYHUVKRRW DQG  VHF
VHWWOLQJWLPHZKLFKFORVHO\PHHWVWKHSUHGLFWLRQJLYHQE\
(T  DW N    &RUUHVSRQGLQJO\ WKH RXWSXW FXUUHQW
$ REVHUYHG ZLWK  SHDN RYHUVKRRW DQG 
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